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ABSTRACT
ESO 149-G003 is a close-by, isolated dwarf irregular galaxy. Previous observations with the
ATCA indicated the presence of anomalous neutral hydrogen (H i) deviating from the kine-
matics of a regularly rotating disc. We conducted follow-up observations with the MeerKAT
radio telescope during the 16-dish Early Science programme as well as with the MeerLICHT
optical telescope. Our more sensitive radio observations confirm the presence of anomalous
gas in ESO 149-G003, and further confirm the formerly tentative detection of an extraplanar
H i component in the galaxy. Employing a simple tilted-ring model, in which the kinematics is
determinedwith only four parameters but includingmorphological asymmetries, we reproduce
the galaxy’s morphology, which shows a high degree of asymmetry. By comparing our model
with the observed H i, we find that in our model we cannot account for a significant (but not
dominant) fraction of the gas. From the differences between our model and the observed data
cube we estimate that at least 7%-8% of the H i in the galaxy exhibits anomalous kinematics,
while we estimate a minimum mass fraction of less than 1% for the morphologically con-
firmed extraplanar component. We investigate a number of global scaling relations and find
that, besides being gas-dominated with a neutral gas-to-stellar mass ratio of 1.7, the galaxy
does not show any obvious global peculiarities. Given its isolation, as confirmed by optical
observations, we conclude that the galaxy is likely currently acquiring neutral gas. It is either
re-accreting gas expelled from the galaxy or accreting pristine intergalactic material.
Key words: galaxies: individual: ESO 149-G003 – galaxies: dwarf – galaxies: ISM – galaxies:
kinematics and dynamics – galaxies: evolution
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1 INTRODUCTION
How galaxies get their star forming material is a point of discus-
sion in studies of galaxy evolution. Trivially, at some time galaxies
acquire gas from the intergalactic medium (IGM) and transform it
into stars. The question at which evolutionary stage they do so, how
the gas enters the galaxies, and by which channels is still a matter
of debate. Theory and observations point towards a mode of direct
accretion from the IGM, which may still take place at redsift 𝑧 = 0
for star-forming galaxies over a large mass range, from giant spi-
rals to dwarf galaxies (Sancisi et al. 2008; Di Teodoro & Fraternali
2014, e.g.). It has, however, proven to be exceedingly difficult to
detect (Sancisi et al. 2008; Di Teodoro & Fraternali 2014).
The way in whichMilkyWay-sized galaxies can even maintain
their current star formation rates (SFRs) is an open debate from both
the theoretical (Nelson et al. 2013, 2015; Huang et al. 2019) and
the observational perspective (Sancisi et al. 2008). With observed
average SFRs of ∼ 3𝑀 yr−1 (Bothwell et al. 2011) in the local
universe it is clear that a typical massive galaxy would use up its gas
supply within a few Gigayears if the gas is not replenished or recy-
cled (Kennicutt et al. 1994). Besides the SFRs, continuous accretion
of gas onto the disc of spiral galaxies can also serve to explain other
observed phenomena, such as asymmetries of galactic discs (van
Eymeren et al. 2011; Giese et al. 2016) and warping (García-Ruiz
et al. 2002) or the chemical composition of the galactic discs (Chiosi
1980). Up to now observations of ongoing accretion have remained
elusive in the sense that not enough accretion events are observed
to explain the required accretion rates (Sancisi et al. 2008). Hence,
observing an ongoing cold gas accretion event can provide crucial
insights into how cold gas accretes onto the gas discs of galaxies.
One way to identify a possible ongoing accretion event is
through the observation of galaxies with peculiar gas kinematics
(e.g. Swaters et al. 1997; Schaap et al. 2000; Lee et al. 2001; Frater-
nali et al. 2002; Barbieri et al. 2005; Oosterloo et al. 2007; Boomsma
et al. 2008; Heald et al. 2011; Zschaechner et al. 2011, 2012; Gen-
tile et al. 2013; de Blok et al. 2014; Vargas et al. 2017; Pingel et al.
2018; Marasco et al. 2019). Such kinematics can be observed as de-
viations from the bulk velocity produced by the virialised rotation
of the gaseous disc in the gravitational potential. This bulk rotation
can be well described by tilted ring models (TRMs) (Rogstad et al.
1974; Józsa et al. 2007) of the gas distribution in the discs of spiral
galaxies.
While accretion in large spiral galaxies is the subject of several
studies (e.g. Heald et al. 2011), little is known about accretion in
dwarf galaxies.
Other than their more massive siblings, the majority of dwarf
galaxies are either not forming stars (dwarf Ellipticals, dEs), or
forming stars at a low rate (dwarf Irregulars, dIs or dwarf LSB
galaxies). dIs are forming stars very inefficiently compared to spiral
galaxies (Brosch et al. 1998; Bothwell et al. 2009; Roychowdhury
et al. 2009). As a consequence their gas depletion time exceeds
on average a Hubble time significantly ( van Zee 2001 estimate a
typical gas depletion time of ∼20 Gyr in a sample of ∼50 dIs).
Some fraction of dwarf galaxies (about 6% in the Local Volume),
though, are currently in a starburst phase, and 25% of all stars in
dwarf galaxies (dI and dE) in the Local Volume are produced in
starbursts (Lee et al. 2009). This coincides well with the fraction
of 20% of stars born in starbursts in the present-day general galaxy
population (Brinchmann et al. 2004, see also Bergvall 2012). This
implies that a star burst phase is a typical phenomenon for dwarf
galaxies. Studies on gas accretion in dwarf galaxies are hence not
about explaining how their SFRs are sustained but rather about how
and when these starbursts are triggered.
Compared to dIs, starburst dwarf galaxies (H ii galaxies, Ter-
levich et al. 1991; Taylor et al. 1993, or Blue Compact Dwarf (BCD)
galaxies, Gil de Paz et al. 2003) do not only show enhanced SFRs
(Bergvall 2012) but also have more concentrated density profiles in
their stellar (Papaderos et al. 1996b; van Zee et al. 1998b; Lelli et al.
2014b) and H i (Taylor et al. 1994; van Zee et al. 1998b; Lelli et al.
2014b; Lelli et al. 2014c) components. These concentrated density
profiles are kinematically visible through the steeper velocity gradi-
ents in their rotation curves (van Zee et al. 1998a, 2001; Lelli et al.
2012a,b). Stronger radial color-gradients (Papaderos et al. 1996a)
are typically a result of a more centrally concentrated star formation
(Taylor et al. 1994; van Zee 2001).
It has hence been pointed out that the transition of dwarf galax-
ies from one type (dI, BCD, dE) to another (if it takes place) has to
involve the redistribution of mass and angular momentum (van Zee
et al. 2001; Bergvall 2012; Lelli et al. 2012b; Lelli et al. 2014a). Po-
tential mechanisms for this are tidal interaction (Taylor et al. 1994,
1995, 1996; Taylor 1997; van Zee et al. 1998a; Lelli et al. 2012a)
and gas-rich mergers (van Zee et al. 1998a; Lelli et al. 2012a; Lelli
et al. 2014a; Papaderos et al. 1996b; Lelli et al. 2014a), but also
direct gas infall (Papaderos et al. 1996b; López-Sánchez et al. 2012;
Lelli et al. 2014a; Ashley et al. 2017). Simulations show that all of
these mechanisms can play a role. Gas-rich mergers and tidal in-
teractions of gas-rich galaxies (Bekki 2008) as well as infall of gas
clouds (Verbeke et al. 2014) are able to result in simulated systems
reminiscent of BCDs.
While the literature is dominated by observational evidence
for tidal interaction and mergers between gas-rich dIs as a poten-
tial formation scenario (Taylor et al. 1995, 1996; Taylor 1997; van
Zee et al. 1998a; Karachentsev et al. 2007; Lelli et al. 2012a,b;
Martínez-Delgado et al. 2012; Lelli et al. 2014a; Ashley et al. 2017),
some authors claim gas accretion as a potential trigger for enhanced
star formation in BCDs (López-Sánchez et al. 2012; Lelli et al.
2014a; Ashley et al. 2017). Systematic searches for intergalactic H i
clouds in the vicinity of BCDs have not been very successful (Tay-
lor et al. 1995, 1996; Taylor 1997) apart from searches in denser
environments (Hoffman et al. 2003). However, some studies report
of evidence for the presence of companion gas clouds (Stil & Israel
2002; Thuan et al. 2004; López-Sánchez et al. 2012) or potential
cold gas accretion (López-Sánchez et al. 2012; Lelli et al. 2014a;
Ashley et al. 2017). There is hence some evidence of cold accretion
or potentially reaccretion after having triggered starburst episodes
in dwarf galaxies, but this comesmostly from studies of BCDs. Very
few attempts have been made (Kamphuis et al. 2011; Schmidt et al.
2014) to find evidence of this mechanism in low-mass galaxies and
hence the progenitors of accreting starburst galaxies, i.e., dIs with
low star formation rate which, before becoming BCDs, show some
evidence for infalling gas in their morphology and kinematics.
Theory predicts that if at 𝑧 = 0, the so-called cold accretion
mode of accretion from the IGM to the ISM of galaxies still takes
place this happens in intermediate and smaller dark matter halos
(Mvir < 1011, Nelson et al. 2013; Huang et al. 2019). However,
for the smallest of these (Vrot < 40 km s−1) cold gas accretion is
likely to be suppressed once more, through the photo-heating from
the UV-background (Hoeft & Gottlöber 2010). Regardless of the
current star formation activity, which is expected to be low in a
starburst progenitor system, with gas depletion times larger than the
Hubble time, the investigation of neutral hydrogen (H i) in poten-
tially accreting dwarf systems can hence serve as important input to
galaxy formation theory.
This paper presents a study of a potential accretion event of
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neutral gas with a low SFR, whichmight later evolve into a starburst.
For the analysis of the Local Volume H i Survey (LVHIS, Ko-
ribalski et al. 2018a) we fitted all galaxies with the tilted-ring model
(Wang et al. 2017a) by using the automated 3D code FAT1 (Kam-
phuis et al. 2015). While most galaxies were properly fitted the
galaxy ESO 149-G003 stood out due to a fitted rotation curve (RC)
that was close to zero in the inner parts and showed a steep rise in the
outer part. For this reason, we did a closer visual inspection of the
LVHIS observations which showed there was indeed gas at anoma-
lous velocities in this galaxy, with a velocity gradient perpendicular
to the rotating disc. In addition to the kinematically anomalous gas
and a slight asymmetry, the data show marginal indications of an
extension of the anomalous gas towards a morphologically offset
component in extension of the anomalous gas. As laid out above,
while the presence of kinematically anomalous gas is not surpris-
ing, intergalactic clouds close to dIrr galaxies, which do not form
stars at a massive rate, are not regularly observed. The LVHIS re-
sults hence motivated further observations with better sensitivity
and resolution to confirm the presence of the anomalous gas, to
locate the extraplanar component, to estimate its mass, and a first
attempt to understand its origin, which is the content of this paper.
ESO 149-G003 is an irregular dwarf galaxy at a distance of
7.0Mpc (Tully et al. 2013) and seen at a high inclination. Table 1
gives an overview of several galaxy properties. Unfortunately, the
original LVHIS data lacked the spatial resolution as well as the sen-
sitivity to determine the nature of this anomalous gas.
In this paper we present MeerKAT-16 follow up observa-
tions of the dwarf galaxy ESO 149-G003 and observations with
the optical MeerLICHT telescope, and their subsequent analysis to
investigate the anomalous gas component in ESO 149-G003.With a
current star formation rate between 0.006𝑀 yr−1 and 0.01𝑀 yr−1
and a gas mass of 7.1 · 107 𝑀 , the neutral gas depletion time lies
between 7Gyr and 12Gyr, close to a Hubble time. ESO 149-G003
has hence a slightly lower gas depletion time compared to the av-
erage LSB population (van Zee 2001), but is still a dIrr galaxy. We
hence utilize very early science verification data of two new tele-
scopes to show that this galaxy might exhibit a rather rare event of
gas accretion before a possible starburst in ESO 149-G003 sets in.
The paper is structured as follows: §2.1 presents the new H i
observations of ESO 149-G003 including any specifics of the tele-
scope that was still in commissioning and §2.2 presents the data
reduction, as well as the optical observations with MeerLICHT and
the corresponding data reduction. In §3 we describe the resulting
data and a kinematical model based on the radio data. In §4 we dis-
cuss potential physical interpretations of our findings and attempt
to interpret them in terms of possible scenarios for the generation of
the kinematical structure that we observe.We summarize our results
in §5. In the appendix we show ancillary figures for the interested
reader. Throughout the paper we are employing a distance of pre-
cisely 7.0Mpc (Tully et al. 2013). Distance-dependent quantities
from the literature are corrected to this distance.
2 OBSERVATIONS AND DATA REDUCTION
2.1 MeerKAT observations
ESO 149-G003 was observed in May 2018 with a MeerKAT-16
array as part of the MeerKAT Early Science Program. Detailed
information about the MeerKAT telescope can be found in Jonas
1 https://github.com/PeterKamphuis/FAT
Figure 1. The estimated bandpass for MeerKAT-16, different colours rep-
resent different bandpass solutions corresponding to each subarray (to each
antenna configuration observed with at different times, see §2.2.2).
& MeerKAT Team (2016) and Camilo et al. (2018). The specifics
of the observations are presented in Table 2. The observations
were split into two days, with approximately 6 hours of on-target
observations on each day at different times to maximise the 𝑢 − 𝑣
coverage.
The data were taken with the L-band receiver of MeerKAT
which extends from 900 − 1670MHz. For the bandpass and flux
calibration we observed 3C48 for 5 minutes every hour except the
first three hours on each day. Additionally, we observed the gain
calibrators J2357-5311 and J2329-4730 for 2 minutes every 20-
25 minutes. Only 16 antennas of the array were used; with the
longest baselines being ∼ 3 km. The observations were conducted
using three different subarrayswith different antenna configurations,
necessitating separate calibration for each, which we describe in the
next section.
2.2 Reduction of radio data
For the purposes of this work we have chosen a frequency window
of 40MHz centred around 1400 MHz, primarily to keep the reduc-
tion time, processing and storage requirements to a minimum. The
frequency resolution of 26.12 kHz gives a total of 1534 channels
across our chosen frequency window.
The data were reduced with the Containerized Automated
Radio Astronomy Calibration (CARACal) pipeline2 developed at
SARAO and INAF (Józsa et al. 2020). It is a containerised pipeline
for the reduction of interferometric spectral line and continuum
data, based on the Python scripting framework Stimela3, allow-
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ESO 149-G003
Parameter Symbol Value Unit Ref.
Morphological Type dI 2
Optical centre RA 23h 52m 2.s8 3
(J2000) Dec −52◦ 34′ 39.′′7
Systemic Velocity 𝑣sys 577.8 ± 0.4 km s−1 1
Distance 𝑑 7.0 Mpc 4
B-band magnitude 𝑀B −14.m27 5
Blue stellar luminosity 𝐿B 7.7 · 107 𝐿 5
K-band stellar mass 𝑀∗ (K) 5.3 · 107 𝑀 1
Star formation rate 𝑆𝐹𝑅 (H𝛼) 0.006 𝑀 yr−1 5
Star formation rate 𝑆𝐹𝑅 (UV, FIR) 0.010 𝑀 yr−1 6
Optical diameter 𝐷25 131′′ ± 7′′ 7
Optical diameter 𝐷25 4.5 ± 0.3 kpc 7
Optical position angle 𝑃𝐴opt 148 deg 7
H i diameter 𝐷H i 173′′ ± 3′′ 1
H i diameter 𝐷H i 5.9 ± 0.1 kpc 1
𝐷H i/D25 1.32 ± 0.07 1
Total H iMass 𝑀H i 7.1 ± 0.6 · 107 𝑀 1
Rotation velocity 𝑣rot (𝑟H i) 18.3 ± 1.4 km s−1 1
Dyn. Mass 𝑀dyn (𝑟H i) 2.3 ± 0.4 · 108 𝑀 1
H i line width 𝑊50 37 ± 3 km s−1 1
𝑊 c50 37 ± 3 km s
−1 1
𝑊20 65 ± 5 km s−1 1
𝑊 c20 67 ± 5 km s
−1 1
Table 1. Fundamental properties of ESO 149-G003. (1) This work, (2) Lauberts (1982), (3) Loveday (1996), (4) Tully et al. (2013), (5) Karachentsev & Kaisina




Observation Dates 3 and 4 May, 2018
Bandpass/Flux Calibrator J0137+3309
Gain Calibrator J2329-4730
Time on target 12.5 h
Total observation time 15 h
Frequency Range 900 − 1670MHz
Central Frequency 1285MHz
Spectral Resolution 26.123 kHz
Number of Channels 32768
Number of Antennas 16
Resulting rms, per channel 1.0mJy beam−1
Spatial resolution (HPBW) 47.′′1 × 32.′′6
Position angle of synthesized beam 126.◦5
Table 2. The details of the MeerKAT observations used in this study
2.2.1 RFI mitigation
As stated in § 2, the observations were done with three different
sub-arrays resulting in three measurement sets. A similar data
reduction procedure was conducted for all measurement sets. Each
of the measurement sets was put through initial flagging of radio
frequency interference (RFI) of the calibrator fields only, carried
out with CASA Flagdata task as well as AOFlagger (Offringa
2010). To avoid flagging unaffected data, we wrote a custom
flagging strategy for AOFlagger. This strategy uses lower starting
sensitivity for the sumthreshold algorithm than the standard
AOFlagger strategy, as well as involves more iterations and the use
of dilation of flags in time-frequency plane to comprehensively
remove the RFI. Additionally, we flag the H i emission from Milky
Way manually.
2.2.2 Cross-Calibration Process
A standard cross-calibration using CASA (McMullin et al. 2007),
including delay calibration, bandpass calibration, and gain calibra-
tion, was applied for all three measurement sets taken (using three
separate antenna configurations or subarrays). The Perley-Butler
2010 standard was used to set the flux scale (Perley & Butler 2013).
It should be noted that the data show "spikes" of unknown origin,
which in turn are seen in the estimated bandpass as dips. These dips
may potentially hinder detection and/or characterisation of spectral
lines, in case of imprecise or insufficient bandpass corrections. For-
tunately,we did not see any significant dips in the bandpass in the fre-
quencies corresponding to theH i emission fromESO149-G003 (20
channels in the frequency range 1417.475MHz − 1417.971MHz).
We show a plot of the estimated bandpass in Fig. 1, where differ-
ent colours denote the separate measurement sets. From this figure
we can see that the characteristics of the "dips" seems stable with
time, since the solutions shown are calculated for separate observa-
tions which were conducted at a different time. The target data was
subsequently flagged after the cross-calibration.
2.2.3 Self-Calibration Process
The cross-calibrated data were put through four iterations of self-
calibration, each consisting of imaging and calibration. For the
imaging we used the WSClean imager (Offringa et al. 2014). For
self-calibration, we used the CUBICAL software (Kenyon et al.
2018). Each imaging cycle was followed by a calibration step, using
a sky model generated from the clean components. The decon-
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volution, to this end, was made with successively lower thresh-
olds, using the auto-masking and auto-thresholding features of WS-
Clean. The calibration loops contained a single round of phase
calibration and three rounds of amplitude-phase calibration. With
this self-calibration process, we were able to achieve an rms of
0.1mJy beam−1 in the continuum image. During the calibration
process, we used a binning of three channels while imaging the
data. Since the model is formed from the clean components, this
may cause a step-function in the model visibilities with frequency,
with the step size being the size of one of the frequency bins used for
imaging. This can cause issues in the process of continuum subtrac-
tion, since the data itself has a much finer resolution. To avoid this,
in the last imaging round, we imaged the data at the finest possible
resolution (while using joint deconvolution).
Post-calibration, we imaged the data such that the output
data cube (and thus the model data) contains the same number
of channels as data - this can be contrasted with imaging during
calibration which has three channels in the output images, while
jointly deconvolving the channels together. This was done to avoid
the presence of a "step-function" in the model data which would
affect the continuum subtraction. The rms per channel in the
resulting data cube is 1mJy beam−1 over a channel of 26.1 kHz.
2.2.4 Continuum Subtraction and Imaging
The continuum subtraction process was twofold; firstly by subtract-
ing the continuum model from the calibrated data sets and secondly
through the CASA task uvlin to subtract any residual continuum,
if present. Each channel of the continuum-subtracted data was then
imaged individually with WSclean and combined into a data cube
of H i emission in ESO 149-G003.
The imaging was done in an iterative manner with three rounds
of imaging, in which the first two imaging rounds were used to ob-
tain successively better deconvolution masks. For effectively imag-
ing the diffuse emission associated with the H i source, we carried
out the imaging at a Briggs weighting of 2 ("Natural Weighting"),
while adding a further tapering which gave a final resolution of
𝐻𝑃𝐵𝑊 = 47.′′1 × 32.′′6. In Fig. 2 we present selected channels
from the resulting data cube (omitting every second channel), while
Figs. A1 and A2 in the Appendix show the full data cube.
To construct the H i total-intensity map, we employed several
Miriad4 tasks. We created a mask by convolving the cube to a res-
olution of 60′′ and consecutive clipping at a level of 3mJy beam−1,
corresponding to 2.5𝜎rms in the convolved cube. The resultingmask
was further processed using the task mafia to contain only fields
above the clip level which overlapped in two consecutive channels.
With the chosen clip level only one masked field remained contain-
ing the H i emission of ESO 149-G003. We then used our kinematic
galaxy model as described in §3 to widen the mask. We convolved
the model data cube to a resolution of 60′′ and added the mask
resulting from clipping the convolved model data cube at a level of
0.9mJy beam−1 to the existing one. We then calculated a moment-0
total-intensity map and a moment-1 map using the combined mask.
The result is shown in Figs. 3 and A3.
We calculated the H i spectrum of ESO 149-G003 (Fig. A4)
by applying the same mask. The total flux of 𝐹H i = 6.1 ±
0.5 Jy km s−1, the H i mass of 𝑀H i = 7.1 ± 0.6𝑀 , and the
4 We were using the Carma version of Miriad (http://admit.astro.
umd.edu/miriad/), and severalMiriad tasks adjusted by ourselves.
spectral width at 50% and 20% of the peak flux density (corrected
for an inclination of 79 deg, see table 3)𝑊50 = 37 ± 3 km s−1 and
𝑊20 = 67 ± 5 km s−1 were derived from this spectrum, with the
errors estimated from our tilted-ring model (see §3.2) by creating
a model bearing a maximal and a minimal velocity width given
the limits of the model errors. Given a good agreement between
modelled and original spectrum we interpret the difference as the
true error for above quantities (see also Table 1). The total flux of
𝐹H i = 6.1 ± 0.5 Jy km s−1 is in good agreement with the total H i
flux of 6.9 ± 1.6 Jy km s−1 as derived in the HIPASS bright galaxy
catalogue (Koribalski et al. 2004) and with 𝐹H i = 7.2 Jy km s−1
from the LVHIS catalogue (Koribalski et al. 2018a). Also 𝑊50
and 𝑊20 are in reasonable agreement (𝑊HIPASS50 = 39 km s
−1,
𝑊HIPASS20 = 70 km s
−1, without the error being specified).
2.3 MeerLICHT observations
To examine the environment of ESO 149-G003, as seen at optical
bands, we used the MeerLICHT telescope5 (Bloemen et al. 2016).
ESO 149-G003 was observed in the bands u,g,q,r,i and z. Here we
give a very brief summary of the optical data observations and re-
ductions.
In each band the target was observed for a total of 5 minutes in
single exposures of 1 minute. The image pre-processing consisted
of gain-, crosstalk-, overscan-, master flat-, cosmic ray-, and satellite
trail corrections.
To obtain the astrometric solution, a mask for bad pixels and
edge pixels on the CCD, saturated pixels and pixels around saturated
pixels as well as satellite trails and cosmic rays was created. The
1000 brightest stars which do not fall on the masked pixels were
then selected (the source finding was done with SExtractor, Bertin
& Arnouts 1996, with a detection threshold of 5𝜎). These stars
were then compared with the the MeerLICHT calibration catalog,
based on Gaia DR2 data (Gaia Collaboration et al. 2016, 2018).
The comparison between the stars detected in the images and the
stars in the MeerLICHT calibration catalog was used to generate
the astrometric solution for the images.
For our analysis, we stacked (using median stacking) the indi-
vidual images in each band to create a single image per band. These
images are shown in Fig. 4.
3 GAS DISTRIBUTION AND MODELLING
3.1 Data inspection
H i associated with ESO 149-G003 can be seen in the data cube
(Figs. 2, A1, and A2) in emission in 18− 20 channels of 5.5 km s−1
width. Figures 3 and A3 show the total H i-intensity distribution
(left) and the velocity field of ESO 149-G003 (right). The total in-
tensity is elongated and centrally concentrated, which is indicative
for a filled, flat structure, and the isovelocity contours show a gradi-
ent along the H i body. Both the morphology and the kinematics of
the galaxy are hence symmetric to zeroth order, indicating a disc-like
structure. At the same time significant deviations from cylindrical
symmetry in morphology and strong indications of non-circular
motions are visible. Two features stand out: along the major axis
5 MeerLICHT is an optical wide-field telescope, located at the Sutherland
station of the South African Astronomical Observatory, South Africa. It has
a 0.65 m primary mirror allowing for a field-of-view of 2.7 square degrees,
sampled at 0.56′′/pixel
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Figure 2.MeerKAT H i data cube, omitting every second channel. Contours denote the −2, 2, 4, 8, 16, 32 − 𝜎rms-levels, where 𝜎rms = 1mJy beam−1 . Blue:
the observed data cube. Pink: the TiRiFiC model. Dashed lines represent negative intensities. The white cross represents the kinematical centre of the model,
the ellipse to the lower left the syntesized beam (𝐻𝑃𝑊 𝐵), the black ellipse to the top highlights kinematically anomalous gas. A full data cube can be found
in Figs. A1 and A2 in the appendix.
the H i distribution appears more elongated towards the South-East
and more devoid of gas on the North-West, indicating a global mor-
phological asymmetry; in addition a component to the North can
be observed, which seems to be more localized and stands out with
respect to the main gaseous body. In the data cubes (Figs. 2 and A2)
and the moment maps 3 we highlight the presence of the Northern
extra component with an ellipse. The gas appears to be a localized
excess to the North of the galaxy, and is hence morphologically
distinct extraplanar gas, albeit in projection still connected to the
main gaseous body (spatially and kinematically). As the isovelocity
contours are not coherently oriented symmetrically with respect to
the major axis, the velocity field (Figs. 3 and A3, right panel) shows
clear indications of non-circular motions of the gas as an additional
feature. To some degree the noncircular kinematics seems to be sys-
tematic for the whole galaxy, as is indicated by isovelocity contours
coherently being tilted with respect to the morphological (and kine-
matical) major axis of the H i disc in the galaxy. The contours are,
however, not completely symmetric with respect to the minor axis
and seem to become largely irregular in the outskirts, most obvious
again in the Northern region highlighted by the ellipses.
To confirm that this extra-component is not an artifact from the
data reduction we compared our results with the publicly available
data cube from LVHIS (Koribalski et al. 2018a), where it appears
just above the noise level. In addition the continuum map does not
show any strong source at the position of the Northern extension,
such that we exclude that the feature might be due to a failed con-
tinuum subtraction.
Comparing the H i data to theMeerLICHT images (Figs. 4 and
A6) and the publicly available image from the Digitized Sky Sur-
vey (DSS) (Fig. 5), we confirm our finding that the H i distribution
is asymmetric and is elongated towards one side (the South-East,
approaching) more than into the other (North-West, receding), in
particular when orienting on the optical galaxy centre (see Table 1
close to the white crosses, see §4.1), which denote the kinematical
centre. We inspected the optical images at native resolution as well
as after convolving them with a 2D-Gaussian with a 𝐹𝑊𝐻𝑀 of 6′′
in all directions. The elongation to the South-East seems also to be
reflected in the stellar distribution, which (after enhancing through
convolution) shows a similar asymmetry in the surface density. To
highlight this we overlaid H i contours on the optical images (Figs. 4,
5, and A6). In particular the asymmetric elongation to the South-
East at the 4𝑀 pc−2-level is also reflected in the optical images.
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Figure 3. MeerKAT H i total-intensity map and moment-1 velocity field, as derived from the data cube shown in Figs. 2, A1, and A2. Blue: derived from
the observation. Pink: derived from the TiRiFiC model. The white cross or the intersection between arrows A and C represents the kinematical centre of
the model, the ellipse to the lower left the syntesized beam (𝐻𝑃𝑊 𝐵), the black ellipse to the top highlights the position of kinematically anomalous gas.
Left: Total-intensity map. Contours denote the 0.25, 0.5, 1, 2, 4, 8 -𝑀 pc−2-levels. Arrows indicate the positions of slices along which the position-velocity
diagrams in Fig. 7 were taken. Right: velocity field. Contours are isovelocity contours. They denote the −15, −10, −5, 0, 5, 10, 15 km s−1-levels relative to the
systemic velocity 𝑣sys = 578 km s−1. A version showing only the data derived from the observed data cube can be found in the appendix (Figs. A3).
ESO 149-G003: TiRiFiC radially invariant parameters
Parameter Symbol Value Unit
Model centre RA 23h 52m 3.s1 ± 0.′′5
(J2000) Dec −52◦ 34′ 37.′′0 ± 1.′′7
Systemic Velocity 𝑣sys 577.8 ± 0.4 km s−1
Thickness 𝑧0 13′′ ± 4′′
Inclination 𝑖 79◦ ± 7◦
Position angle 𝑝𝑎 332.◦6 ± 0.◦7
Table 3. Tilted-ring parameters not varying with radius
However, we could not find any obvious optical counterpart to the
Northern extension, as highlighted by the ellipses in the same im-
ages, drawn at the position of the Northern extension. An inspection
of an R-band image in Ryan-Weber et al. (2004) with a 5−𝜎 limiting
surface brightness of `ABR = 24.
m9 arcsec−2 bears the same results.
3.2 Tilted-ring modelling
We used the implementations in the software suites TiRiFiC6 and
FAT (Józsa et al. 2007; Kamphuis et al. 2015) to fit a tilted-ring
model to the data. The goal was to derive a simple kinematic model
to contrast the observations with and to highlight the differences
and peculiarities of the galaxy morphology and kinematics.
The radially invariant parameters of our final model are listed
in Table 3, while the radially varying parameters are shown in Fig. 6.
The adopted model is a flat disc, for which the surface bright-
6 http://gigjozsa.github.io/tirific/
ness with a harmonic distortion of first order (see below), the rota-
tion velocity, and the dispersion vary with radius (Fig. 6). All other
parameters, the centre and the systemic velocity, the disc thickness,
and inclination and position angle do not vary with radius (Table 3).
The final model shows three peculiarities.
Firstly, as indicated, to reproduce the asymmetric morphology
of the disc we implemented a harmonic distortion in surface bright-
ness (a sinusoidal variation of the surface brightness with a given
amplitude 𝑆𝑀1𝐴 and a phase 𝑆𝑀1𝑃), which entered as a radially
dependent parameter in our final model. Figure A5 in the appendix
shows a face-on view of the H imodel, demonstrating that a signifi-
cant morphological asymmetry had to be introduced, which is also
evident from comparing the numerical values of the surface bright-
ness (𝑆𝐵𝑅) and the amplitude of the first order harmonic (𝑆𝑀1𝐴)
in Fig. 6.
Secondly, we were able to fit a meaningful rotation curve cal-
culating the velocity at different radii via a spline interpolation
between three points, the origin (a fixed velocity of 0 km s−1 at ra-
dius 0), and two points with identical velocity at larger radii. We
hence forced the rotation curve to approach a flat part at the largest
radii. This velocity (the rotational amplitude) was consecutively the
only variable parameter determining the rotation curve. As soon
as more degrees of freedom were included to describe the rotation
velocity, the model converged to an unphysical solution (see grey
line for 𝑣rot in Fig. 6).
Thirdly, the dispersion had to be varied radially and exceeded
the rotation velocity at several radii.
The final values and errors of our model parameters were esti-
mated using a bootstrap method: after converging to a preliminary
final model we shifted the single nodes of the model multiple times
by a random value and re-started the fitting process. After 20 such
fitting processes we calculated the means and the standard devia-
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Figure 4. MeerLICHT observations of ESO 149-G003, convolved with a 2D-Gaussian of 𝐹𝑊𝐻𝑀 = 6′′ in each direction (RA and Dec). Contours denote
the 1, 4 -𝑀 pc−2-levels of the observed total-intensity map shown in the left panel of Figs. 3 and A3. The white ellipse to the top highlights kinematically
anomalous gas. The white cross represents the kinematical centre of the kinematical model. The full-resolution maps can be found in Fig. A6 in the appendix.
tions for each of the model parameters and assumed the to be the
final model parameters and their errors.
The H i-diameter 𝐷H i as provided in Table 1 was derived as
the radius at which the surface-mass density of the model reaches
1𝑀 pc−2, and the specific H i rotation velocity 𝑣rot (𝑟H i) as the
velocity at the corresponding radius 𝑟H i. The dynamical mass
𝑀dyn (𝑟H i) shown in Table 1 is the hypothetical gravitational mass
of a spherically symmetric mass distribution enclosed at radius 𝑟H i,
causing a test particle at that radius to be on a circular orbit with a
velocity of 𝑣rot (𝑟H i). With 2.3±0.4 · 108 𝑀 it amounts to approx-
imately 1.5 times the sum of 𝑀H i and 𝑀∗.
3.3 Comparison of TiRiFiC model and data
In all figures in this paper, pink contours denote themodel, blue con-
tours the original observation. In addition to a comparison ofmodel-
and original datacube (Figs. 2 and A2) and original and model mo-
mentmaps (Fig. 3), we also show a set of position-velocity diagrams
in Fig. 7, along the major and minor axes and two lines parallel to
the minor axis as indicated by the arrows shown in Fig. 3 (left).
We highlight that the kinematics of the galaxy is modeled by only
four data points, one rotation velocity, three data points describing
the dispersion profile. Given that the kinematics of the galaxy is
very well resolved (see ellipses in the lower left corners in Fig. 7
describing the resolution of our observations) the model is well con-
strained. The comparison shows a remarkable resemblance of the
simple model to the data, in particular when focusing on only the
morphological distribution of the H i. As expected for a kinemati-
cally symmetrical model the velocity field is not as well represented
as the total-intensity distribution (Fig. 3). A closer inspection of
the cube and the position-velocity diagrams shows that the lower-
level intensity is shifted towards anomalous velocities, causing the
discrepancy, while at higher level a good resemblance is achieved.
Additionally, the cube and a slice perpendicular to the major axis
in the North of the galaxy show clearly the characteristics of the
extra-component as not being part of a regularly rotating disc (slice
B in Figs.3, left, and 7).
A further outcome of the modelling process is the coincidence
of the optical centre of the galaxy and the kinemato-morphological
centre of the H i model. The white crosses in all images denote
the model centre and not the optical centre, which is separated by
5.′′2 only, well below the nominal resolution of the H i observations.
This is a further indication that the model optimally resembles the
regular H i component in the galaxy.
To get an idea about the location and total mass of anomalous
H i in galaxies is a notoriously difficult task, especially for poor
spatial resolution observations where the anomalous gas appears
(in projection) connected to the main body of the galaxy. Because
the galaxy is highly inclined emission from gas connected to the
Northern extension, which lies behind the disc, might mix in pro-
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Figure 5.DSS (red, IIIa-F) images of ESO 149-G003. Blue contours denote
the 1, 4 -𝑀 pc−2-levels of the observed total-intensity map shown in the
left panel of Figs. 3 and A3. The white ellipse to the top in each image
highlights the position of kinematically anomalous gas. The white cross
represents the kinematical centre of the model. Top: full resolution. Bottom:
image in top panel, convolved with a 2D-Gaussian of 𝐹𝑊𝐻𝑀 = 6′′ in
each direction.
jection with emission coming from the whole North-West part of the
galaxy. To attempt bracketing the potential amount of anomalous
gas and again confirm the validity of our model, we calculate the
apparent mass of the anomalous gas using different methods.
In a first approach we subtract the model data cube from the
original data cube voxel by voxel, to then calculate the moment-0
map of the residual data cube using the same convolution-and-
clipping approach as described in §2.1. The result is shown in the
left panel of Fig. 8. While the extra-component to the North is
clearly standing out, in this image it appears that also to the South
and the centre of the galaxy, some significant amount of anoma-
lous gas (as compared to our model) is present, turning up as peaks
Figure 6. Final TiRiFiC model of the H i disc of ESO 149-G003. SBR/SD:
surface brightness or surface column density. The two lines denote 𝑟25
and 𝑟H i (at the larger radius). SM1A: Amplitude of a harmonic distortion
in surface brightness/surface column density. SM1P: phase of a harmonic
distortion in surface brightness/surface column density. VROT: rotation ve-
locity. The grey line is the result of a fit, in which the rotation curve was left
to vary on the nodes shown as dots. DISP: dispersion.
in our difference map. In addition it appears that some gas to the
North-West stands out with respect to the model which might be
connected to the Northern extension, but lies in front of the galaxy.
The total mass of the "excess" H i is 5.4 ·106 𝑀 , roughly 8% of the
total H i mass (7.1 · 107 𝑀). In the area of the Northern extension
(inside the ellipse shown in Fig. 8) we detect 2.7 · 106 𝑀 .
The second approach consists of subtracting the total-intensity
map of themodel from the total-intensitymap derived from the orig-
inal data (using the same mask as described in §2.1). The result is
shown in the middle panel of Fig. 8. Here, the only obvious anoma-
lous component beneath the Northern extension is the component
to the North-West, formerly connected to the Northern extension.
This might suggest that the Northern extension could be part of a
somewhat larger cloud complex partly covering the main body of
the galaxy. The total mass as derived from the positive detected
emission is 5.1 · 106 𝑀 , roughly 7% of the total H i mass and in
rough agreement with the estimate using the first method, while in
the area of the Northern extension we measure 2.4 · 106 𝑀 .
The third approach is meant to provide a confirmation of the
existence of extraplanar gas in the galaxy. When calculating the
total-intensity map we mask out the volume covered by the mask
MNRAS 000, 1–16 (2019)
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of the model (calculated with a pixel threshold of 0.9mJy beam−1,
theoretically corresponding to 0.75𝜎rms in the convolved observed
data cube, see §2.1), instead of adding it. The result, shown in the
right panel of Fig. 8, contains emission solely from the Northern
extension. We hence confirm the existence of the component and
can estimate a lower limit to its mass, which we calculate from this
map to be 4.9 · 105 𝑀 or less than 1% of the total H i mass.
In conclusion, while the existence of anomalous gas in
ESO 149-G003 can be established by a comparison with our model,
which contains only regularly rotating gas, its total mass is largely
uncertain. It is, however, not a dominant fraction of the gas, which
renders our model quite reliable. Assuming that our TiRiFiC model
perfectly reproduces the emission only from the main H i body of
the galaxy, as much as 7%-8% of the gas in the galaxy might be
external to the galaxy. It must be noted, however, that even if we
model a regularly rotating disc, a best fit could still include existing
anomalous gas in the galaxy, as the optimization process results
in a best possible match of model and data. Our approach is most
conservative in that sense. One indication that we might attribute
more H i than actually appropriate to the regularly rotating is the un-
usually high dispersion in our disc model (another is that we are not
able to reproduce the details of the velocity field, merely its global
gradient). Instead of a physical dispersion or random motion within
the galaxy disc, the higher local dispersion might well contain a
contribution from extraplanar gas which at the given resolution is
indistinguishable from the main disc, or line broadening through
local or global deviations from circular motion, e.g. bar streameing,
which cannot be distinguished due to the limited spatial resolution.
Further insight into the overall kinematics of all H i components in
ESO 149-G003 can only come from more sensitive observations
with better angular resolution, as this would provide a higher num-
ber of independent data points and hence a more complex model
that could include extraplanar gas as a separate component from the
main disc.
4 THE CHARACTERISTICS AND THE ORIGIN OF
ANOMALOUS GAS IN ESO 149-G003
In the previous section we established the presence of extraplanar
and anomalous gas in ESO 149-G003. Here we briefly discuss po-
tential interpretations of the observed kinematical deviations of the
neutral gas from a common rotating disc structure, to then examine
whether the galaxy follows or deviates from well-established scal-
ing relations or shows (other) signatures which would then provide
a clue about the origin of the anomalous gas.
4.1 Morphological and kinematical structure
The most significant feature of the anomalous gas component is the
occurrence of the Northern extension, which clearly indicates the
presence of extraplanar gas in ESO 149-G003. Besides this exten-
sion, the data inspection and comparison with a model of a regularly
rotating disc strongly suggests the presence of a significant amount
of gas with anomalous kinematics (deviating from circular rotation)
associated with ESO 149-G003 Given the spatial resolution of our
MeerKAT observations, it would be premature to settle on a spe-
cific interpretation for the origin of these deviations from circularity.
Such deviations are typical in dwarf galaxies especially at the low
mass end (e.g. Begum et al. 2006), but do occur also for higher-mass
dIrr galaxies (e.g. CVn i dwA, see Appendix D in Oh et al. 2015). In
this respect ESO 149-G003 is not a unique exception. For the inner
kinematics with the systematically tilted isovelocity contours two
plausible explanations exist. If a portion of the gas or the whole of
the gas moves radially with respect to the rotation axis of the galaxy
a systematic shift of the radial velocities, causing the isovelocity
contours to twist, could be the result. A systematic global infall or
outflow is one manifestation of radial motion (see e.g. Spekkens
& Sellwood 2007). A vertical infall of gas onto the mid-plane can
induce a kinematic shift of the integrated spectra due to projection
effects. In order to achieve such a strong kinematical twist, however,
with isovelocity contours tilted by nearly 45 deg with respect to the
morphological major axis, the velocities and the mass ratio of the
gas with respect to the main body would have to be comparable to
the rotation velocity of the main body. A second possibility to ex-
plain the observations are noncircular, closed orbits, i.e. streaming
motions along a noncircular potential. In that case inwards and out-
wards motion would alternate along a circle around the kinematical
axis (Franx et al. 1994; Schoenmakers 1999).While ESO 149-G003
has been classified to be barred (de Vaucouleurs et al. 1991) and bar
streaming motions could be responsible for a kinematic signature of
this kind, the length of the kinematic twist exceeds the inner body of
the galaxy, indicating a large-scale elongated potential, which might
include asymmetries in the dark matter distribution of the galaxy.
The distinct kinematical separation of the outer component is
rather peculiar and cannot be explained by an S-shaped warp, even
not an extreme one, as the twist is not symmetric with respect to the
centre of the galaxy. Currently we do not have a good interpretation
for the kinematics in the outskirts of the galaxy. We might speculate
that distinct accreting or outflowing component, of which the North-
ern extension is the tip of the iceberg, most distinctive with respect
to the main body of the galaxy. The structure of the difference maps
(see Fig. 8) may support this picture. Whichever mechanismmay be
responsible for the peculiar kinematics (of the single components) of
the gas in ESO-149-G003, the kinematics and the asymmetric mor-
phology indicate that the galaxy is dynamically not settled, which
is underlined by the untypically high measured gaseous dispersion
(see Fig. 6), unusually high even for a spiral galaxy. Such enhanced
dispersion indicates either a high amount of turbulent motion in the
gaseous disc or the presence of unresolved non-circular motion, fur-
ther corroborated by our inability to fit the galaxy using more than
one free parameter for the dispersion. A decline of the dispersion
profile towards the centre is not common, but has been observed
in a number of galaxies. Ianjamasimanana et al. (2017) find for a
sub-sample of the the THINGS (Walter et al. 2008) that the H i
dispersion profiles of spiral galaxies are typically (exponentially)
declining, while they are much flatter for dwarf galaxies. A closer
look at their sample shows that an initial increase of the dispersion
with radius can be found for the dwarf galaxies M81 dwA, while it
would be compatible with the profiles of DDO 53 and Ho i. Also
the detailed analysis of the LITTLE THINGS (Hunter et al. 2012)
sample by Oh et al. (2015) shows dIrr galaxies with this property
(IC 1613, NGC 3738, Haro 36).
4.2 Tully-Fisher relations
The Tully-Fisher relation (TFR) is a correlation of the global rota-
tion velocity (represented by one number) with the luminosity, and
is the most frequently applied scaling relation for galaxies (Tully &
Fisher 1977). The underlying driver seems to be the correlation of
the total mass with the rotation speed of the galaxy, the so-called
baryonic Tully-Fisher relation (e.g. McGaugh 2005; McGaugh et al.
2010;McGaugh 2012).Wemake use of it to gain an insight whether
the global kinematics of ESO 149-G003 is unusual. This is possible,
MNRAS 000, 1–16 (2019)
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Figure 7. Position-velocity diagrams taken along slices shown in Fig. 3. Contours denote the −2, 2, 4, 8, 16, 32 − 𝜎rms-levels, where 𝜎rms = 1mJy beam−1.
Blue: the observed data cube. Pink: the TiRiFiC model. Dashed lines represent negative intensities. The ellipse represents the velocity (2 channels) and the
spatial (
√︁
𝐻𝑃𝑊 𝐵maj ∗ 𝐻𝑃𝑊 𝐵min, where 𝐻𝑃𝑊 𝐵maj and 𝐻𝑃𝑊 𝐵min are the major and minor axis half-power-beam-widths) resolution.
because the adopted distance is not a Tully-Fisher-based distance.
Instead we used a distance determined using the tip of the red giant
branch (TRGB) method (Tully et al. 2013).
For our study we selected relations from two more recent
works; one by Karachentsev et al. (2017), which investigates the
TFRs of local dwarf galaxies and employing the integrated line
width (𝑊50), the other by Ponomareva et al. (2017, 2018), a more
recent study which employs the rotation velocity of the galaxies as
correlated with luminosities and mass estimates in the FIR, leading
to a lower scatter. The BTFRs of both groups make use of a baryonic
mass estimate of the form:
𝑀C,H i = 𝛾c𝐿c + [ 𝑀H i (1)
𝛾c is a colour-dependent scaling factor for the luminosity measured
in a certain band, and [ a scaling factor to account for the scaling
of the H i mass 𝑀H i , other gas phases (in particular molecular
gas), and self-absorption. To account for helium abundance, usually
a factor between 1.3 and 1.4 is assumed. In our case, we neglect
the mass contribution of the molecular component, found to be
negligible with respect to the H i mass for late-type dwarf galaxies
(Young & Knezek 1989; McGaugh & de Blok 1997). We first turn
to the K-band and baryonic Tully-Fisher relation employing the line
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Figure 8. Difference total-intensity maps as derived from TiRiFiC model and observed data cube. Contours denote the −0.5, −0.25, 0., 0.25, 0.5 -𝑀 pc−2-
levels. Dashed contours show negative column-density levels, light blue corresponds to 0𝑀 pc−2 Left panel: moment-0 derived from the difference data cube
(observed - model). Middle panel: difference of the moment-0 of observation and model as shown in the left panel of Fig. 3. Right panel: Moment-0 taken
from the data cube applying mask as used for deriving the moment-0 shown in the left panel of Fig. 3 and additionally masking out the model data cube.











+ 2.91 ± 0.47











+ 3.64 ± 0.38
= 7.7 ± 0.4
(2)
Here, 𝑊c50 is the line width at 50% of the peak flux density (see
Table 1), corrected for inclination (i.e. divided by sin 𝑖, where 𝑖 is the
inclination). With this, especially in the case for dwarf galaxies, for
which the internal dispersion plays a significant role, the corrected
line width overestimates the edge-on line width if the dispersion is
isotropic. On the other hand, an uncorrected line width would not
take the galaxy rotation properly into account and underestimates
the edge-on line width. As our galaxy lies close to edge-on and the
correction is small, we employed the TFR involving the corrected
line width, although Karachentsev et al. (2017) also provide a TFR






= 8.0 taken from Karachentsev et al. (2017), based






8.2 ± 0.2, using 𝛾K = 0.6 and [ = 1.33 (Karachentsev et al.
2017) and our own measured H i mass, fall below the predicted
quantities by roughly 1𝜎, where 𝜎 is the scatter (including a slight
contribution from the error of our observables). The pure stellar
mass, using 𝛾K = 0.6 is 𝑀obsK = 5.4 · 10
7 𝑀 .
Employing the TFRs by Ponomareva et al. (2017, 2018) and
using the asymptotic velocity 𝑣flat = 𝑣rot (𝑟H i) = 18.3 ± 1.4 (see
Table 1 and Fig. 6), we calculate the expected 3.6 `m luminosity









+ 1.3 ± 0.3









+ 2.88 ± 0.56
= 7.6 ± 0.7
(3)
To compare to observed luminosities, we first attempt to use the
3.6` absolute magnitude of 𝑀3.6` = −13.m273 from the Spitzer
Survey of Stellar Structure in Galaxies (S4G) catalogue (Sheth et al.
2010; Muñoz Mateos et al. 2015, in the NASA/IPAC Infrared Sci-
ence Archive IRSA7). Following Ponomareva et al. (2017), we use
𝑀 (3.6`) = 3.m24 (Oh et al. 2008; Ponomareva et al. 2017) to
derive the luminosity and then scale the luminosity from the dis-
tance of 6.25Mpc (Muñoz Mateos et al. 2015) to the distance of





= 6.7 or 𝐿obs3.6` = 5.1 · 10
6 𝐿 .






= 8.0 ± 0.2 and 𝑀obs3.6` = 1.8 · 10
6 𝑀 .
The derived stellar mass stands in contrast to the K-band stellar
mass 𝑀obsK = 5.4 · 10
7 𝑀 using the prescription of Karachentsev
et al. (2017, see above). We hence re-visit the S4G catalogue (Sheth
et al. 2010; Muñoz Mateos et al. 2015) to use the listed infrared






= 7.575, and scale from a distance of







= 7.675 or 𝑀obsS4G = 4.7 · 10
7𝑀 , in very
good agreement with 𝑀obsK = 5.4 · 10
7 𝑀 (or, alternatively, still
with 𝑀obsFIR = 3.6 · 10
7 𝑀 as derived by Wang et al. (2017b) using
7 https://irsa.ipac.caltech.edu
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WISE (Wright et al. 2010) data). The origin of the discrepancies
between the 3.6` luminosities and stellar masses between Pono-
mareva et al. (2018) and Muñoz Mateos et al. (2015) is not clear.
We, however, assume it to be a safe approach to adopt the catalogued
stellar mass from Muñoz Mateos et al. (2015) instead of deriving it
ourselves using a prescription.







= 8.2 ± 0.2.
All TFR luminosities and baryonic masses are hence in rea-
sonable agreement with observed luminosities (and masses). We
can interpret the fact that using the line width results in a slight
overprediction of both luminosity and stellar mass as an indepen-
dent confirmation of the increased H i dispersion in the galaxy.
The galaxy does, however, not fall off a scaling relation connecting
the overall kinematics and luminosity, and baryonic mass content
of ESO 149-G003 do not indicate that the galaxy is dynamically
strongly disturbed (again justifying the use of a tilted-ring model to
describe the kinematics of the galaxy).
4.3 Neutral-hydrogen mass-size relationship
First observed by Broeils & Rhee (1997) the correlation between
the mass and the size of the H i component in galaxies has since
been established as one of the tightest fundamental scaling laws
(Verheĳen & Sancisi 2001; Begum et al. 2008; Swaters et al. 2002;
Noordermeer et al. 2005; Wang et al. 2013, 2016). Thanks to our
tilted-ring modelling we can determine the H i diameter of 5.9 ±
0.1 kpc from the observations. We compare this to the expected H i
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𝐷
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= 0.771 ± 0.008. The observed size of the
H i disc is 1.5𝜎 on the high side as compared to the expected size
of the disc, based on the H i mass of the galaxy. While this might
indicate that a portion of the H i in the galaxy is on slightly larger
orbits as compared to an average galaxy with the same H imass (has
a higher specific angular momentum), and hence an extragalactic
component, the evidence for this is not compelling. We cannot
confirm the observation by Koribalski et al. (2018b) that the galaxy
falls off the H i mass-size relation, which they already attributed to
the poor resolution in their observations.
4.4 Star formation and neutral hydrogen content
The observed disturbances to the overall kinematics and the pres-
ence of extraplanar neutral gas in ESO 149-G003 indicates either
an early stage of an interaction or a recent interaction of the galaxy
with its environment. A clue about which of the scenarios is at
work can be sought looking at the star formation properties. An
enhanced star formation rate or even a starburst could be an in-
dicator of a past interaction, in which either tidal forces or stellar
feedback removed neutral gas from the ISM into the IGM. Con-
versely one would interpret the absence of any signature of such
enhancement as a potential signature of an early stage of an inter-
action, where the extraplanar gas has not yet been accreted onto






= −2.23 as derived by Karachentsev & Kaisina
(2013) using H𝛼 observations taken with the SAO 6m telescope





= −1.99 as derived by
Wang et al. (2017b) using GALEX FUV(Martin et al. 2005; Gil de
Paz et al. 2007; Lee et al. 2011) WISE FIR (Wright et al. 2010)
data, ESO 149-G003 does not exhibit any significantly enhanced
star formation (see e.g. Hunter & Elmegreen 2004). and However,
the neutral gas mass in the galaxy is high. While a ratio of the H i
mass to the blue stellar luminosity of 𝑀H i 𝐿−1B = 0.9𝑀 𝐿
−1
 is
not unusual, the ratio of total gas mass (by scaling 𝑀H i with a





𝑀obsS4G,H i puts it on the higher gas mass edge (see e.g. Hunter &
Elmegreen 2004). ESO 149-G003 is gas-dominated, the ratio of
the gas mass to the stellar mass is 𝑀gas 𝑀−1S4G = 1.7 ). It con-
































= −9.7±0.3 studying the SINGG and
SUNGG surveys (Meurer et al. 2006; Wong 2007) as an average
value for any type of galaxy, very close to our result.
Concerning resolved star formation properties, ESO 149-G003
does not seem to be extraordinary either. Ryan-Weber et al. (2004)
observed the H𝛼 emission in its stellar disc to be filamentary. Re-
markably, ESO 149-G003 might be associated to an intergalac-
tic H ii region, separated by 1.′5 to the West (Ryan-Weber et al.
2004; Torres-Flores et al. 2009; Koribalski et al. 2018b). As this
region, however, has a significantly different recession velocity
(949 km s−1), its connection to ESO149-G003 is unclear. Given
the star formation properties of ESO 149-G003 we deem it unlikely
that the anomalous gas originates from stellar feedback or that we
are seeing gaseous outflows from star formation regions. However,
detailed, deep photometry and spectroscopy, studying the full star
formation history of the object, is required to draw final conclusions
in this respect.
4.5 The origin of the anomalous gas in ESO 149-G003
ESO 149-G003 seems to be rather isolated. According to Koribalski
et al. (2018b), the galaxy lies at the edge of the Sculptor group, while
Karachentsev et al. (2003) classify it as a background object to the
Sculptor group (see also Ryan-Weber et al. 2004). This is corrobo-
rated by the fact that the independent TRGB distance measurement
by Tully et al. (2013) puts it at a greater distance than assumed by
Karachentsev et al. (2003, see their Fig. 5). Nicholls et al. (2011)
claim that ESO 149-G003 has likely undergone no interaction with
any known galaxy in its surroundings within a Hubble time.
Hence, should the anomalous gas in ESO 149-G003 originate
from an interaction, it is most likely that it has been a past (minor)
merger, not a tidal interaction. Otherwise the other studies would
not indicate such a high degree of isolation. Based on r-band pho-
tometry by Ryan-Weber et al. (2004), Ryan-Weber et al. (2004) and
Koribalski et al. (2018b) conclude that ESO 149-G003 shows op-
tical signatures of a past interaction. If so, that merger is, however,
in a quite advanced stage, as we do not find any isolated remnant of
the interaction partner. Only the potential existence of some shells
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in the stellar body is reported and visible. We hence conclude that if
the anomalous gas in ESO 149-G003 stems from an interaction, that
interaction has likely been a past merger, which would now be in
its final stages. Given the advanced merger state, assuming that the
gas originated from that merger, we conclude it would most likely
returning, not still leaving the galaxy. The required assumptions are
that the two progenitor studies indicating isolation are correct and
that, with the available photometry, we would be able to identify
a nearby interaction partner large enough to induce the observed
kinematic anomalities and that gas that close to a galaxy would
rather return than leave in an advanced merger.
As elaborated in the previous section, with the current star
formation rate, an outflow origin of the anomalous gas is not proba-
ble. We hence deem it more likely that ESO 149-G003 is currently
accreting gas rather than expelling neutral gas. The accreted gas
is either returning gas of a past merger event or pristine gas from
the IGM. Utilizing several scaling relations we have established
that ESO 149-G003 is not likely undergoing a dramatic merging or
star forming event. It hence appears that the anomalous gas around
the galaxy is not accreted at a sufficient rate to cause significantly
enhanced star formation at the current time, although at a later
stage the accretion might evolve into a starburst. The amount of
accreting gas cannot be determined as higher resolution observa-
tions would be necessary to distinguish between global radial and
vertical in- or outflow in the galaxy or the ellipticity of orbits in
the galaxy, but we interpret the existence of the Northern extension
of the H i body, with a mass of at least 4.9 · 105 𝑀 (less than 1%
of the total H i mass), as evidence that extraplanar gas is present in
ESO 149-G003. Estimating the total mass of gas with anomalous
velocities, as identified in contrast to our model, we derive a lower
limit of 5.1 − 5.4 · 106 𝑀 , roughly 7 − 8% of the total H i mass
(7.1 · 107 𝑀). As the literature lacks attempts to quantify the mass
of anomalous components in galaxies similar to ours, it is hard to
estimate whether ESO 149-G003 is peculiar in this respect.Marasco
et al. (2019) derive a typical anomalous gas fraction of 10-15% for
15 HALOGAS (Heald et al. 2011) galaxies, which would render
ESO 149-G003 a rather average galaxy, while a similar study is
missing for dwarf galaxies.
Concerning the nature of the accreting gas, with the observations
at hand, we may speculate. Comparable cases for potential inter-
actions of isolated dIrr galaxies with the IGM are rare. (de Blok
et al. 2020) present MeerKAT observations of the dwarf galaxy
ESO 302-G014 and show that the isolated galaxy with an H i mass
of 3.8 · 108 𝑀 contains a filamentary extension of 4.6 · 106 𝑀 ,
potentially not unlike the one observed for ESO 149-G003, and con-
stituting a similar fraction of H i as compared to the total H i mass.
While the authors do not exclude pristine accretion, they favour the
interaction with a small dwarf to be responsible for the occurrence
of the filament. While ESO 149-G003 might be a similar case, one
would need to scale the mass of such a gas donor. As already stated
above, based on r-band photometry by Ryan-Weber et al. (2004),
Ryan-Weber et al. (2004) and Koribalski et al. (2018b) conclude
that ESO 149-G003 shows signs of a past interaction in the optical.
Koribalski et al. (2018b) hence suggest that the extraplanar gas in
ESO 149-G003 stems from an accretion event, it has to be accretion
of a significantly smaller object than the dwarf galaxy itself. While
objects of such small mass do exist (e.g. Ryan-Weber et al. 2008),
in this scenario it would be surprising that ESO 149-G003 appears
not to show any signs of recent enhanced star formation. Further-
more, it is unclear how frequent mergers of isolated dwarf galaxies
take place. In fact, isolated dwarf galaxies can show rather pecu-
liar kinematics (Kreckel et al. 2011, 2016), while to date it is not
clear whether these are due to past mergers or the accretion of pris-
tine gas. Also, associations of very low-mass gas-rich galaxies have
been observed (Ball et al. 2018), but they are very rare. A pristine
accretion event can hence not be excluded, making ESO 149-G003
an object of high interest. Concerning the fate of ESO 149-G003,
it may be assumed that the accretion of the gas cloud leads to an
enhanced star formation. It is, in fact, slightly elevated as compared
to the average dIrr (van Zee 2001). In a sample of 18 BCDs, Lelli
et al. (2014a) identified three systems, for which they do not exclude
pristine gas accretion to be a potential trigger for a starburst phase.
In fact the enhanced measured dispersion, potentially connected to
bar-like motion in the galaxy might lead to an inflow of gas trigger-
ing star formation at a later stage. A similarly high dispersion, in
addition to filamentary structures in the galaxy outskirts has been
measured for the post-starburst galaxy NGC 1569 (Johnson et al.
2012; Oh et al. 2015). To be more conclusive, follow-up observa-
tions at various wavelengths, but in particular in the H i component
will be required.
5 SUMMARY AND OUTLOOK
In this paper we presented MeerKAT H i observations of the dwarf
galaxy ESO 149-G003. We summarize our findings as follows:
• The sensitivity of the observations allows us to identify kine-
matically anomalous gas in the galaxy.
• Using a tilted-ringmodel, we are able to reproduce the column-
density distribution in the galaxy, but we cannot reproduce its com-
plete kinematics.
• We confirm the existence of an extraplanar component in the
galaxy to the North.
• We estimate 7 − 8% as a rough lower limit for the fraction of
anomalous gas in the galaxy.
• While ESO 149-G003 is gas-dominated, its kinematical and
photometrical properties are consistent with various scaling rela-
tions.
• Given the isolation of the galaxy we conclude that ESO 149-
G003 is likely accreting neutral gas, but neither the accretion rate
nor the origin of the gas can be determined with any precision. Both
a merger as well as the accretion of pristine gas are possible as the
origin of the extraplanar gas.
Given its dynamical state, ESO 149-G003 is hence a very interesting
object, as we might be observing the accretion (or re-accretion) of
neutral gas onto a dwarf irregular galaxy. Howmany objects like this
will be observed with the imminent surveys with SKA precursors
remains to be seen. While such observations will provide us with
good statistics, case studies of such presumably rare events are still
useful to understand the precise mechanisms behind gas accretion in
dwarf galaxies. Extrapolating from this study, based on observations
conducted with 16 out of 64 antennas, MeerKAT-64, especially in
spectral zoom mode, will provide the sensitivity and the spectral
resolution to be an ideal instrument for the study of the detailed gas
kinematics in dwarf galaxies. Deeper H i observations required to
further model the galaxy kinematics as well as deeper photometry is
hence not very hard to achieve in the near future. We hence suggest
that ESO 149-G003 is a very good candidate to study anomalous
gas in dwarf galaxies.
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APPENDIX A: IMAGES AND MODELS
We provide additional images for the perusal of the interested reader
in this appendix. This paper has been typeset from a TEX/LATEX file
prepared by the author.
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Figure A1.ObservedMeerKAT H i data cube. Contours denote the −2, 2, 4, 8, 16, 32 − 𝜎rms-levels, where 𝜎rms = 1mJy beam−1. The white cross represents
the kinematical centre.
MNRAS 000, 1–16 (2019)





















4.0 kpc =̂ 118′′
















596.5 km s−1 602.0 km s−1 607.6 km s−1 613.1 km s−1





23h52m20s 10s 00s 51m50s
624.1 km s−1
23h52m20s 10s 00s 51m50s
629.6 km s−1
23h52m20s 10s 00s 51m50s
635.1 km s−1
Figure A2.MeerKAT H i data cube. Contours denote the −2, 2, 4, 8, 16, 32 − 𝜎rms-levels, where 𝜎rms = 1mJy beam−1 . Blue: the observed data cube. Pink:
the TiRiFiC model. Dashed lines represent negative intensities. The white cross represents the kinematical centre of the model, the ellipse to the lower left the
syntesized beam (𝐻𝑃𝑊 𝐵), the black ellipse to the top highlights kinematically anomalous gas.
MNRAS 000, 1–16 (2019)










23h52m40s 20s 00s 51m40s
RA (J2000)
23h52m20s 10s 00s 51m50s
4.0 kpc =̂ 118′′
















Figure A3.MeerKAT H i total-intensity map and moment-1 velocity field, as derived from the observed data cube shown in Figs. 2, A2, and A1. The crosses
represent the kinematical centre, the ellipse to the lower left the syntesized beam (𝐻𝑃𝑊 𝐵). Left: Total-intensity map. Contours denote the 0.25, 0.5, 1, 2, 4, 8 -
𝑀 pc−2-levels. Right: velocity field. Contours are isovelocity contours. They denote the −15, −10, −5, 0, 5, 10, 15 km s−1-levels relative to the systemic
velocity 𝑣sys = 578 km s−1.
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Figure A4. H i-spectrum of ESO 149-G003. Blue: observed. Pink: TiRiFiC model. The horizontal lines denote 20% of the peak, the vertical lines the
corresponding velocities.
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Figure A5. Face-on total-intensity map of the TiRiFiC model. The H i disc is simulated to be seen face-on, but at the same distance and the same resolution as
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Figure A6. MeerLICHT observations of ESO 149-G003. Contours denote the 1, 4 -𝑀 pc−2-levels of the observed total-intensity map shown in Figs. 3 and
A3. The white ellipse to the top highlights the position of kinematically anomalous H i.
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